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Abstract 

One of important properties of dark matter is its stability. The U(1)b-l 
gauge symmetry is the most attractive symmetry to guarantee the stability. 
Though the symmetry is expected to be broken at very high energy scale to 
account for tiny neutrino masses through the seesaw mechanism, the residual 
discrete symmetry of U(1)b-l can stabilize the dark matter naturally. We 
prove that, when there is new physics connecting B— L charges of dark matter 
and standard model particles at the scale between the electroweak and the 
U(1)b-l breaking, the mass of dark matter is definitely predicted to be (5- 
7)/Qdm GeV (Qdm is the B— L charge of dark matter) independent not only 
of details of the new physics but also of its energy scale. We also show two 
attractive examples. First one is the scalar dark matter with the B— L charge 
of one, which turns out to be very consistent with current CoGeNT results. 
Another one is the fermionic dark matter having the B— L charge of one third, 
which is also attractive from the viewpoint of model building. 



1 Introduction 



There are many compelling evidences for the existence of dark matter in our uni- 
verse. Some properties of the dark matter have also been clarified thanks to recent 
cosmological observations; the dark matter should be a neutral and stable (or long- 
lived) particle whose interactions are weaker or shorter-ranged than those of stan- 
dard model (SM) particles. In addition, its cosmological abundance is observed to 
be f^DM^ 2 — 0.110 PQ and its motion at the epoch of large-scale structure formation 
of the universe turns out to be non-relativistic [2J. Among those properties, the most 
remarkable one is the stability from the viewpoint of particle physics. 

The most promising way to stabilize dark matter is the use of the U(1)b-l gauge 
symmetry [3]. This symmetry requires right-handed neutrinos because of anomaly 
cancellation, and is expected to be broken at high energy scale of C(10 12 ) GeV. 
Right-handed neutrinos therefore acquires their masses of this scale, which allow us 
to explain tiny neutrino masses through the seesaw mechanism [1] and to generate 
the baryon asymmetry of the universe through the leptogenesis [5]. Since Majorana 
mass terms of right-handed neutrinos have the B— L charge of two, a residual discrete 
symmetry of U(1)b-l exists, which can be used to stabilize dark matter. 

In the early universe, the decay of right-handed neutrinos is expected to produce 
the B— L asymmetry in the SM sector. Since the dark matter stabilized by U(1)b-l 
carries the B— L charge, there is no wonder if the B— L asymmetry of the dark 
matter is also generated by the leptogenesis or some other mechanisms [6]. When 
the annihilation cross section between dark and anti-dark matters is large enough, the 
symmetric component of dark matter relics is eliminated and the B— L asymmetry 
of the dark matter gives the relic abundance of dark matter observed today. If new 
physics at the scale between right-handed neutrinos and SM particles does not exist, 
the amount of the B— L asymmetry in the dark matter sector as well as that in 
the SM sector depends on details of the decay of right-handed neutrinos. It is then 
difficult to give a definite prediction on these asymmetries. On the other hand, when 
there is the new physics connecting B— L charges of dark matter and SM particles, it 
is possible to give a definite prediction without depending not only on details of the 
new physics but also on its energy scale. We prove this remarkable result in the next 
section (SecJ2J) and show that the mass of dark matter is indeed definitely predicted 
to be (5-7)/<5dm GeV with Qdm being the B— L charge of the dark matter. 

According to the result obtained in SecfJJ we also show two attractive examples 
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Table 1: Gauge quantum numbers of SM particles and dark matter. 



of the dark matter in Secj3j First one is the scalar dark matter with the B— L 
charge of one. It turns out that the mass of the dark matter is predicted to be 5-7 
GeV. Furthermore, when we require the annihilation cross section between dark and 
anti-dark matter particles to be large enough in order to eliminate their symmetric 
components, the scattering cross section between the dark matter and a nucleon is 
predicted to be O(10~ 4 ) pb, which is very consistent with the CoGeNT anomaly [TJ. 
Another example is the fermionic dark matter having the B— L charge of one third, 
whose mass is predicted to be 15-21 GeV. It turns out that a UV completed theory 
for the dark matter can be easily constructed with being consistent with several 
severe constraints that usually we have to worry about on dark matter candidates 
of this kind. Section @] is devoted to summary of our discussions. 

2 B— L charged dark matter 

Here, we show that the residual discrete symmetry of gauged U(1)b-l is possible 
to guarantee the stability of dark matter naturally |3J. The dark matter of this 
kind may have asymmetry in the universe. When new physics exists at the scale 
between electroweak and U(1)b-l breaking, the dark matter could be in chemical 
equilibrium with SM particles through interactions connecting the asymmetries of the 
dark matter and SM particles. We show, if it is the case, that the ratio of asymmetries 
between baryon and dark matter observed today can be predicted without depending 
not only on details of the interactions but also on the scale of the new physics. 

2.1 Stability of the dark matter 

The existence of the U(1)b-l gauge symmetry is very likely present from the view- 
points of neutrino masses [I], leptogenesis [5], and grand unification. Gauge quantum 
numbers of SM particles and dark matter are shown in Table [fl where Q — (ul, &l) t 
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and ur (cIr) are left- and right-handed quarks, while L = [yL-,^L) T and tR are left- 
and charged right-handed leptons, respectively. Higgs boson is denoted by H . Dark 
matter is assumed to be singlet under SM gauge groups to satisfy severe constraints 
form direct detection experiments of dark matter. We postulate that the dark matter 
is either a complex scalar or a Dirac fermion in this article. 

Though quarks have the B— L charge of one third, they are confined into baryons 
and mesons with the charges of one and zero, respectively. The SM is therefore 
composed only of fermions with odd B— L charge and bosons with even B— L charge. 
On the other hand, since U(1)b-l is spontaneously broken with an vacuum expec- 
tation value with the charge of two, the residual Z 2 symmetry exists and it can be 
used to stabilize dark matter. For instance, scalar with odd B— L charge or fermion 
with even B— L charge is stable [3]. There is another possibility. When dark matter 
has a fractional B— L charge, for example, Qbm = 1/2, 1/3, ••• l/ n , the residual 
symmetry is enhanced to Z 2n , which is also possible to stabilize dark matter. 

2.2 Baryon and dark matter asymmetries in the universe 

We next consider how the dark matter charged under U(1)b-l behaves in the early 
universe. In general, the decay of right-handed neutrinos produces the B— L asym- 
metries both in the dark matter sector and the SM sector. If there is no new physics 
connecting B— L charges of dark matter to those of SM particles at the scale be- 
tween electroweak and right-handed neutrinos (the breaking scale of U(I)b-l), the 
produced asymmetries are determined by complicated non-equilibrium processes [6], 
which makes us difficult to have a definite prediction on these asymmetries. On the 
other hand, when such a new physics exists, the dark matter is expected to be in 
chemical equilibrium with SM particles through following interactions, 



where Obm involves only dark(anti-dark) matter field, while Osm consists of SM 
fields. The scale of new physics is denoted by A and the interaction is assumed to 
be the lowest dimensional one breaking the dark matter number, but preserving the 
total B— L number. The baryon asymmetry of the universe is, as a result, related to 
the B— L asymmetry of the dark matter through the interaction as long as A satisfies, 
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where Ti ept is the temperature that the leptogenesis occurs, which is given by the 
decay temperature of right-handed neutrinos. Planck scale is denoted by M p \ ~ 
2.43 x 10 18 GeV. This is exactly the same as the mechanism used in the asymmetric 
dark matter scenario [8]. Interestingly, it is possible to predict the ratio of these 
asymmetries without knowing details of the interaction as we will see below. 

2.2.1 Case I (T D > T sph ) 

Here, we consider the case that the interaction in eq.([T]), where we call it the ADM 
interaction, decouples before the Sphaleron process decouples. We use the character 
Tp to represent the decoupling temperature of the ADM interaction, while T sp h is 
for that of Sphaleron which is estimated to be T sph ~ [80 + 54(m/ l /120GeV)] GeV 
for a given higgs mass rrih [H]. When the temperature of the universe is below Tp, 
both dark matter asymmetry and B— L asymmetry of the SM sector are individually 
conserved. When the temperature becomes lower than T sp h, all of dark matter 
asymmetry, B and L asymmetries of the SM sector are individually conserved. 

Let us consider the relation of chemical potentials when the temperature of the 
universe is around T/> Since the chemical potentials of gauge bosons are zero before 
the electroweak symmetry breaking, we first consider the potentials of Q, Ur, d,R, L, 
eR, and H, which are denoted by [Aq, fi UR , p,d R , [Ml, fi eR , an d ^h, respectively. From 
Yukawa interactions and Sphaleron process, we obtain following relations |10j . 

- Hq- Hh + /Vr = 0) ( 3 ) 

-fi>Q + + Hd R = 0, (4) 

~Hl + m + He R = 0, (5) 

3/iq + n L = 0. (6) 

Other SM interactions such as gauge interactions and self- interactions of higgs bosons 
do not give additional information for the chemical potentials. 

We next consider the relation of chemical potentials obtained from the ADM 
interaction in eq.(pQ). Suppose that the operator 0dm has the dark matter number 
of Adm, meaning the number of dark matter field minus that of anti-dark matter 
field is Nj)u, so that A^dm is given by the B— L charge of the operator Obm through 
the equation, Qb-l(C ) dm) = Qdm x -Adm with Qdm being the B— L charge of the 
dark matter. On the other hand, Csm has Nq, N Ur , N dR , N L , N eR , and N H numbers 
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for Q, ur, d,R, L, e_R, and H fields, respectively. We then have the relation, 



N dm ^dm + NqHq + N UR fi UR + N dR fi dR + N L fi L + N eR fi eR + N H fi H = 0, 



(7) 



where /zdm is the chemical potential of the dark matter. The ADM interaction 
should be singlet under SM gauge interactions. In addition, it must be also singlet 
under U(1)b-l, otherwise B— L asymmetry produced in the very early universe is 
washed-out. As a result, we have following constraints; Nq/6 + 2N UR /3 — N dR /3 — 
N L /2 - N eR + N H /2 = and N Q /3 + N UR /3 + N d j3 - N L - N eR + QdmA^dm = 0. 
With the use of these relations and those in eq.®-©, /zdm turns out to be 

11 

Mdm — —-^-Qdm^l- (8) 

It is very interesting to see that /idm does not depend on details of the ADM inter- 
action (Adm, Nq, and so on) and does depend only on the B— L charge Qdm- 

In addition to the above relations between chemical potentials, we also have 
another relation obtained by the neutrality of the universe, which is given by 

6/Vr + ~ 3 ^ fl - - 3/i efl + 2n H fi H = 0. (9) 

Since we do not know the higgs sector of the SM, we simply postulate that it is 
composed of n# higgs boson doublets. It is also possible to add singlet higgs bosons 
to the sector, which does not alter above discussions because singlet higgs bosons 
are electrically neutral and do not have non-zero chemical potentials. 

Using eqs. ©, Q, ©, ©, ©, and ©, the ratio of B-L asymmetry of the SM 
sector, (B — L)sm, and that of dark matter, (B — L)dm, is predicted to be 

(B - L) SM 7(66 + 13n H ) 

(B-L) DM 22(Q + n H )Q 2 DM ' [ ' 

when the temperature of the universe is around Tjj. The asymmetry (B — L)sm is 
divided into baryon and lepton asymmetries of the SM sector (B SM and L SM ) when 
the Sphaleron process decouples, where Bsm is nothing but the baryon asymmetry 
observed today. The ratio between (B — L)sm and Bsm is well known to be Bsm/(B — 
L)sm = 30/97 ~ 0.31, and we finally obtain the ratio Bsm/(B — L)dm as 

B SM 105 66 + 13n H 1 



(B-L) D m 1067 6 + n H Q 



2 ■ 
DM 
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In the calculation of B S m/(B — L)g M , we have assumed that charged higgs bosons 
predicted by n H > 2 higgs doublets have already been decoupled at T sph . 
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When the annihilation cross section between dark and anti-dark matter particles 
is large enough and, as a result, the symmetric component of dark matter relics is 
eliminated in the universe, the B— L asymmetry of the dark matter is directly related 
to its observed abundance, as in the case of the baryon asymmetry. Dark matter 
and baryon asymmetries are then given by (B — L) DM = QdmQdmPc/ ( s o m DM) and 
B SM = £l b p c /(s m N ), where p c ~ 1.05 x 10~ 5 /i~ 2 GeV/cm 3 and s ~ 2890 are critical 
energy and entropy densities of the present universe, while Odm^ 2 — 0.110 and 
Q b h 2 — 0.0227 are density parameters of dark matter and baryon [11]. Dark matter 
and nucleon masses are denoted by m-^M and ~ 938 MeV. Using the prediction 
in eq. ffTTl) , the mass of dark matter is now predicted in the following formula, 

105 66 + \3tih Odm m N , in x 
1067 6 + n H Sift Qbm 
which takes a value of mDM — 5.1/Qdm GeV for the cases of n H = 1 or 2. 

2.2.2 Case II (T D < T sph ) 

Here, we consider the case that the Sphaleron process decouples before the ADM 
interaction decouples. In this case, when the temperature of the universe is below 
T sp h, both B and L asymmetries are preserved and the dark matter is regarded as 
a particle which carries B and/or L charge (s), depending on Osm- As in the case 
of previous subsection, let us consider the relation of chemical potentials when the 
temperature is above T sp h. SM interactions and Sphaleron process lead to 

-p v + Pw + Pe = 0, (13) 
~fJ"u + Pw + fJ'd = 0, (14) 
2/^ + /id + Ai e = 0, (15) 

where fj, u , fi e , p u , p d , and \iw are chemical potentials of vl, e (composed of & 
6r), u (ul & Ur), d (di & <ifj), and W boson, respectively. On the other hand, the 
relation obtained by the ADM interaction has, in general, the following from, 

A^DM/iDM + N e p e + N u /i v + N u /i u + N d fi d + N w p w = 0, (16) 

The requirement that the ADM interaction should be neutral under electromagnetic 
interaction and also singlet under U(1)b-l leads to following constraints; — N e + 
2iV u /3 - N d /3 + N W = and -N e - N v + iV u /3 + N d /3 + Q DM N DM = 0. With the 
use of these relations and those in eq. f|T3|) -f |T6|) . //dm turns out to be 

/^DM = —QdM^L- (17) 
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Again, the chemical potential /xdm does not depend on details of the ADM interaction 
(JV DM , N e , and so on). This time, the neutrality condition of the universe gives 



8/i u - 6fi d - 6/i e + G[iw = 0, (18) 

where the contribution from the top quark to above equation has been negrected, 
because the mass of top quark is larger than the decoupling temperature T sph . 

After the Sphaleron process decouples, B and L asymmetries are preserved. Con- 
tributions to these asymmetries from dark matter sector are always constant unless 
the non-relativistic effect of dark matter mass is significant. As a result, the ratio 
between baryon asymmetry of the SM sector and that of dark matter is given by 

B S m _ 4/i„ + 6/i d _ 45 1 ^ 
(B — L) DM 2/i DM 29 <3rj M 

When the decoupling temperature is very low so that the dark matter is non- 
relativistic at To, above prediction is not valid anymore [12]. In such a case, it 
is difficult to obtain the prediction on Bsm/DM without depending on the details 
of the ADM interaction. When the decoupling temperature To is high enough, the 
mass of dark matter is, with the use of the result in eq. (fT9l . predicted to be 

m DM - 45 ^dm rn N , . 

29 fi;, Qdm 

which takes a value of mDM — 7.1/ Qdm GeV. The difference between the predictions 
on the mass of dark matter in eqs. (fT2"|) and (I2U|) comes from what kinds of elementally 
excitations, namely, particles composing thermal bath, we have at the decoupling 
temperature To- In former case, excitations are from SM particles before electroweak 
symmetry breaking, while from those after the breaking in latter case. 



3 Examples of the B— L charged dark matter 

In this section, we consider two attractive examples of models for the dark matter 
charged under U(1)b-l- One is for the bosonic dark matter with the B— L charge of 
one and another is for the fermionic dark matter with the charge of one third. 



3.1 Bosonic dark matter model 

Let us begin with the model for the bosonic dark matter. Although there are numer- 
ous operators Csm which are singlet under SM gauge group but carry non- vanishing 
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B— L charges, the operators should be bosonic in this case. The lowest dimensional 
operator which is bosonic and charged under U(1)b-l m the SM is Osm = (LH) 2 . 
Therefore, for the bosonic dark matter with the B— L charge of one, the lowest 
dimensional connection between the dark matter and SM particles is given by, 

Ant = ^{LHf. (21) 

According to the generic argument in previous section, the dark matter mass is pre- 
dicted to be m ~ 5.1 or 7.1 GeV, depending on whether the decoupling temperature 
T D is above or below T sph . The scale of new physics should satisfy the condition, 

fM pl \ 1/6 ^ /M P i\ 1/6 , , 

m (_sj « A < Tkpt (_i) , (22) 

where the lower bound on A comes from the requirement that the asymmetry-transfer 
caused by the interaction in eq. fl2Tj) ceases when the dark matter is relativistic. 

In order to eliminate the symmetric component of dark matter relics in our 
universe, the annihilation cross section between dark and anti-dark matter particles 
has to be large enough as mentioned before. For the bosonic dark matter, we have 
the following interaction in general, which is renormalizable and symmetric, 

£ Mn = n H \(j)\ 2 \H\ 2 . (23) 

With this interaction as well as SM interactions, the annihilation cross section (times 
the relative velocity v) for the bosonic dark matter is obtained to be, 



(TV 



E 



47r(m^ — s) 2 \ s J 167r 3 (m^ — s) 2 



g 



(24) 



where s, Cf, and a s (m) are the center of mass energy, the color factor of each 
fermion, and the strong coupling constant evaluated at the scale m, respectively. 
The notation / denotes the fermion (/ = u,d,s,c,b,e, /i,r), while f c is the quark 
(q = u,d,s,c,b,t). The first contribution in the r.h.s. of the equation comes from 
the annihilation into a pair of fermions with the s-channel higgs exchange, while 
the second one is from the annihilation into two gluons also with the higgs ex- 
change through the one-loop triangle diagram. Here, the loop function F is given by 
F(x) = x + x(l — a;) (sin -1 \Jl/x) 2 . The annihilation cross section as a function of 
the dark matter mass m is shown in Figfj] (the left panel) with s being 4m 2 . It can 
be seen that the cross section can be 1-10 pb when m = 5-10 GeV, which is large 
enough to eliminate the symmetric component of dark matter relics [13J. 
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Figure 1: (Left panel) The annihilation cross section between the bosonic dark and anti- 
dark matter particles as a function of the dark matter for kh = 1. We have taken the 
threshold of the bottom mode to be tub = 5.27 GeV. (Right panel) The scattering cross 
section between the bosonic dark matter and a nucleon as a function of the dark matter 
mass for a given annihilation cross section. We also show results reported by DAMA [15J, 
CoGeNT [7J, and CRESST [16J collaborations. The upper limits on the cross section 
reported by XENON100 [H] and CDMS-II [TS] collaborations are also shown. 

The renormalizable interaction in eq. (|23|) also provides a rather large cross section 
between the bosonic dark matter and a nuclei, which gives a significant impact on 
direct detection experiments of dark matter. In fact, through the i-channel exchange 
of the higgs bosons, the bosonic dark matter is expected to interact with a nuclei 
inside the detector, whose cross section per nucleon N is estimated to be 



where fx is the coupling between the dark matter and a nucleon N, which is esti- 
mated to be ~ 0.266 with being the nucleon mass [14J. In FigJT] (the 
right panel), we show the scattering cross section between the dark matter and a 
nucleon as a function of the dark matter mass for a given annihilation cross section. 
The figure shows that the bosonic dark matter with the annihilation cross section of 
1-10 pb and the mass around 5-7 GeV is remarkably consistent with the CoGeNT 
anomaly [7J . In the figure, we also show upper limits on the scattering cross section 
reported by XenonlOO [T7j and CDMS-II [18J experiments, showing a tension with 
the CoGeNT anomaly. Since the consistency among these experiments with involv- 



es ~ 




(25) 



ing astrophysical and detector uncertainties is still under debate, we do not go more 
details on this issue, and leave for discussions of other papers [TU] . 

Another interesting prediction derived from the renormalizable interaction in 
eq.f )23p is the invisible decay of the higgs boson into a pair of dark matter particles, 
h — > + 0*. In fact, its decay width is dominated by the invisible mode for Kh = 
(9(1). The higgs boson will therefore slip through the current search at the LHC 
which is based on the branching ratio into SM particles [20]. Discovery potential of 
the invisibly decaying higgs at the LHC via the H^-boson fusion has been discussed 
in refs. [2TJ for the 14 TeV run. Notice that scalar WIMP dark matter models for 
m = 3-20 GeV have been severely constrained by observations of cosmic-ray anti- 
protons |22j such as BESS-Polar [23] and PAMELA satellite [23] experiments, if 
the annihilation cross section is provided by the renormalizable interaction. This is 
because the WIMP dark matter mainly annihilates into a pair of bottom quarks at 
the present universe, which leads to the too high anti-proton flux for av ~ 1 pb. The 
asymmetric dark matter, on the other hand, does not self-annihilate at the present 
universe due to the asymmetry, and hence free from this constraint. 

Before closing this subsection, let us comment on a serious drawback of the model 
in eq. (|2ip . Since the B— L charge of the dark matter is identical to the one of right- 
handed neutrinos, the large A(B — L) = 2 mass term of the dark matter is expected 
to be generated once right-handed neutrinos acquire their mass terms, 

C = ml Y (f) 2 + h.c. with m\ N ~ MMn, (26) 

where Mn and M* denote the typical mass of right-handed neutrinos and the cutoff 
scale of the theory such as the Planck scale, respectively. As discussed in refs. |25j, 
however, the A(B — L) = 2 mass term causes the oscillation between dark and anti- 
dark matter particles over the age of the universe, which erases the asymmetry of 
dark matter relics. Once the asymmetry is erased, the dark matter can annihilate 
into SM particles with a larger cross section than those of WIMP dark matters, which 
contradicts with constraints obtained from observations of nearby dwarf spheroidal 
galaxies with the Fermi Gamma- Ray Space Telescope [26]. As a result, m is re- 
quired to be as small as 10~ 41 GeV. We therefore need a severe fine-tuning to satisfy 
this condition in the model defined in eq. ()2ip . Furthermore, even if we forbid the 
A(B — L) = 2 mass term in eq. (l26p by hand, it is generated again by three-loop dia- 
grams, because the operator Osm can annihilate into the mass terms of right-handed 
neutrinos. This radiatively generated A(B — L) = 2 mass term is still much larger 
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than the above constraint, which also require a severe fine-tuning. 

In order to avoid this problem, we may consider an additional symmetry such as 
the so-called Peccei-Quinn symmetry by extending the higgs sector to the two higgs 
doublet model. In this case, the bosonic dark matter as well as the higgs bosons 
carries new charges consistent with the interaction in eq. (l2ip . while the A(B — L) = 2 
mass term is forbidden]* Another way to solve this problem is the use of other 
operators for Osm instead of (LH) 2 . In particular, when Osm carries a non-trivial 
B number such as Osm = (uRdRdft) 2 , the dark matter carries the B charge, and 
the A(B — L) = 2 mass term is not expected even after the B— L breaking. Here, 
we implicitly assume that the UV completed theory inducing the interaction (fi 2 OsM 
has the B symmetry as an accidental symmetry as it happens in the SM. 

Finally, we comment on another constraint on the bosonic dark matter. As 
discussed in refs. [27], once bosonic asymmetric dark matters are accumulated in 
neutron stars, they form black holes because of the absence of their self-annihilations. 
This fact leads to a sever upper bound on the scattering cross section between the 
dark matter and a nucleon. We point out, however, that it may be possible that the 
dark matter can annihilate in an asymmetric manner through the ADM interaction 
in Eq. ( 12Tj) when A is low enough [28]. Such a bosonic asymmetric dark matter 
model can evade the constraint from the black hole formation inside neutron stars. 
Furthermore, it might be even possible to search the asymmetric dark matter at 
neutrino detectors such as Super-Kamikande [2H] by looking for the line spectrum 
of neutrinos emitted from asymmetric annihilations. More ambitiously, if we can 
distinguish the neutrino line from the anti-neutrino line, it will provide us important 
hints on the asymmetry of the dark matter and the neutrino sectors. 



3.2 Fermionic dark matter model 

Next, let us consider the model for the fermionic dark matter with the lowest dimen- 
sional connection. Interestingly, the operator Osm can be not only bosonic but also 
fermionic such as Osm = LH in this case. The lowest dimensional operator which 
connects between the dark matter particle and SM particles turns out to be 

Ant = ^X 3 ■ (LH) + h.c, (27) 

*A rather large discrete symmetry after the breaking of the Peccei-Quinn symmetry is actually 
needed in order to forbid the dangerous A(B — L) =2 mass term. 
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Table 2: Quantum numbers of fields in the UV completion. 

where the B— L charge of the dark matter is assumed to be one third. According 
to the generic argument in previous section, the mass of the dark matter is thus 
predicted to be m ~ 15-21 GeV in this case. One of the advantages to consider this 
model compared to the case of the bosonic dark matter model in previous subsection 
is that the A(B — L) = 2 mass term is not allowed even after the spontaneous 
symmetry breaking of {7(1)b_l- This is because, even after the breaking, we have a 
residual Z 6 symmetry, so that the dangerous A(B — L) =2 mass term is prohibited. 
Furthermore, we do not have serious problems on the constraint coming from neutron 
stars even if the new physics scales A is large, because the fermionic dark matter 
does not accumulated thanks to the Pauli Exclusion Principle. 

Finally, let us briefly discuss a UV completed model (composed only of renor- 
malizable interactions) which derives the connection in eq.( l2"7|) . The simplest model 
is, for example, possible to be constructed by introducing a SU(2)x doublet scalar 
(so), and a pair of SU(2) L doublet fermions (ipdi^d) with the Lagrangian, 

£uv = Ck+ (X L Ls d x c + \ H ^dH c x c + X^ d s d x + h.c.) , 
£k = Ckm ~ mxx ~ m2 s \sd\ 2 -m f 4> d ^ d , (28) 

where the superscript 'c' denotes charge conjugation, and £kin is composed of kinetic 
terms of x(x)> s,i, and ip(ip) fields. Here, we have assumed that all coupling constants 
(Ax,, Ax, and A^) take real values for simplicity. Gauge quantum numbers of these 
fields are given in Tablej2j After integrating the doublet scalar (sd) and fermions 
C0d> Tpd) ou t from the Lagrangian, we obtain following effective interactions, 

C eS = ^\H\*(xx + h.c.) + 4l^x| 2 + [(X C X)(X C L)H + h.c] , (29) 

nif rrig m/TOg 

up to dimension- seven operators. Though we have other higher- dimensional opera- 
tors, they are irrelevant for our discussions and we thus omit to wright them. 

The renormalizable model in eq. (!28|) therefore leads to the B— L connecting in- 
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teraction in eg. (1271) as the third term by identifying the coefficient to be 

^ = ^f- (30) 

Finally, we comment on the annihilation cross section between dark and anti-dark 
matter particles in this model. Since the annihilation through the first operator in 
eq. ( 129]) turns out to be velocity suppressed, it is difficult to eliminate the symmetric 
component of dark matter relics from our universe. Therefore, as discussed in ref. [8], 
we should extend the higgs sector of the SM to obtain the required annihilation cross 
section, av = 1-10 pb. For example, by adding a singlet scalar field into the higgs 
sector, we can easily obtain the annihilation cross section of the order of 10 pb. 

4 Conclusions and Discussion 

We have discussed the dark matter whose stability is guaranteed by a residual dis- 
crete symmetry of U(1)b-l- We have especially considered a class of models where 
there is new physics connecting B— L charges of the dark matter to those of SM 
particles at the energy scale between electroweak and U(1)b-l breaking. In this 
class of models, the ratio of the dark matter to the baryon relic densities can be 
solely determined by the mass and B— L charge of the dark matter, when the baryon 
asymmetry of the universe is generated through the leptogenesiso As a result, we 
have proved that the mass of the dark matter is definitely predicted to be (5-7) /Qdm 
without depending on details of new physics models and also its energy scale. 

The mass of dark matter is measurable at direct detection experiments of dark 
matter. We can therefore probe the dark matter scenario discussed in this article 
through its mass measurement, which, in turn, provides us indirect but important 
hints on the leptogenesis as the origin of the baryon asymmetry of the universe. 
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